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that even small regions fail to recover Hcf106-GFP ﬂuorescence over periods of up to 3 min after
photobleaching. The protein is thus either immobile within the thylakoid membrane, or its diffu-
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vesting complex in the granal stacks likewise fails to recover. Integral membrane proteins within
both the stromal and granal membranes are therefore highly constrained, possibly forming ‘micro-
domains’ that are sharply separated.
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The thylakoid membrane carries out the critical processes of
light capture, electron transport and photophosphorylation. In
higher plant chloroplasts, it is commonly found as a highly organ-
ised network with a characteristic structure in which stacks of
individual thylakoids (‘grana’) are connected by single ‘stromal’
thylakoids. Within this system, the appressed granal membranes
are enriched in photosystem II (PSII) while the stromal lamellae
contain the bulk of photosystem I (PSI) and the ATP synthase (re-
viewed in [1]). The thylakoid also has an unusual, galactolipid-rich
lipid composition [2]).
While thylakoidal protein–pigment complexes have been stud-
ied in detail, much less is known about the physical nature of the
thylakoid membrane and the consequences of its domain struc-
ture. It is commonly assumed that the lipids are highly ﬂuid, as
is the case with most biological membranes. Studies on a variety
of other membrane systems have concluded that the lipids almost
invariably undergo rapid diffusion in the plane of the bilayer and
high rates of diffusion have been calculated in some cases [3,4].
Furthermore, it is generally accepted that chloroplasts evolvedchemical Societies. Published by E
Robinson).from endosymbiotic cyanobacteria, and studies on cyanobacterial
thylakoid lipids have shown that they exhibit high rates of diffu-
sion [5]. However, very few studies have analysed the mobility of
the thylakoid membrane proteins, and those studies have focused
almost exclusively on a single photosynthetic complex, the light-
harvesting complex of PSII (LHCII), which itself exhibits aberrant
behaviour. LHCII is mostly found in the appressed granal mem-
branes and recent studies on isolated PSII particles suggest that
the majority of LHCII complexes are relatively immobile, possibly
due to macromolecular crowding effects that stem from the high
protein concentration [6]. A proportion of the LHCII complexes
are believed to be more mobile, consistent with the need for LHCII
particles to migrate to PSI particles during state transitions (see be-
low). In general, however, the PSII/LHCII complexes are exceptional
membrane proteins and very little is known about the nature of
the numerous membrane proteins in the non-appressed ‘stromal’
membranes.
In this report we have studied the mobility of a thylakoid mem-
brane protein, Hcf106, which is a core component of the plant Tat
protein translocase. Hcf106 is a single-spanmembrane protein that
forms a complex with cpTatC in the non-appressed stromal thylak-
oids [7,8]. Bioimaging studies on the Escherichia coli homolog of
Hcf106, TatB, have previously shown that this protein undergoes
rapid diffusion within the E. coli plasma membrane [9]. In thislsevier B.V. All rights reserved.
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Hcf106 within the thylakoids of transiently transfected protop-
lasts. We show that its diffusion is highly restricted, providing di-
rect evidence for a strict compartmentation of membrane types
within the continuous thylakoid membrane bilayer.
2. Materials and methods
2.1. Plasmid construction
A DNA fragment containing the hcf106 gene was ampliﬁed with
the forward primer F1 50-TCATCATCTAGAATGGCCATGGCGTTACA-
GATTA-30 and reverse primer R1 50-TTCTCCTTTACTATCTTGCCTTG-
GAGGAGATGCAG-30. mGFP5 was ampliﬁed with the forward
primer F2 50-CAAGGCAAGATAGTAAAGGAGAAGAACTTTTCACTG-30
and reverse primer R2 50-TGATGACTGCAGTTATTTGTATAGTTCATC-
CATGCC-30. The ampliﬁed fragments were used to generate the fu-
sion between Hcf106 and mGFP5 with the forward primer F1 and
reverse primer R2. The resulting product was digested with XbaI
and PstI and cloned into cauliﬂower mosaic virus 35S-promoter-
driven expression vector pDHA. To generate the ‘TP-GFP’ construct,
the coding region for the 23K-GFP fusion protein [10] was sub-
jected to site-speciﬁc mutagenesis to remove the terminal 28 res-
idues of the 23K transit peptide, generating a protein with a
stroma-targeting peptide.Fig. 1. Hcf106-GFP is targeted to stromal lamellae within the thylakoids of transfected
encoding an Hcf106-GFP fusion protein. Eighteen hours after transfection, protoplasts
measured at 500–530 nm (GFP measurement settings; left panels) and emission detec
Merged images are shown on the right. Scale bar: 10 lm. (B) Protoplasts were transfecte
analysed by confocal microscopy. Images were captured using 16-line averaging and the
bar: 2 lm. (C) A mixed population of transfected and non-transfected chloroplasts was
exhibit signiﬁcantly higher green ﬂuorescence than the non-transfected chloroplasts du2.2. Transient transformation of leaf protoplasts
Protoplasts were prepared from 4 to 7 cm long axenic leaves of
Nicotiana tabacum cv Petit Havana SR1. Protoplasts were subjected
to polyethylene glycol-mediated transfection as described previ-
ously [11]. The transfected protoplasts were incubated overnight
at 25 C in the dark.
2.3. Chloroplast isolation and fractionation
Protoplast pellets were resuspended in 4 ml HS buffer (50 mM
HEPES–KOH and 330 mM sorbitol, pH 8.0) and homogenised by re-
peated passage through a needle and a 20 lm pore mesh. The sus-
pension was loaded on top of a 35% (v/v) Percoll pad and
centrifuged at 1400g for 8 min at 4 C. Pellets (intact chloro-
plasts) were washed once in HS buffer, pelleted at 3000g for
2 min, and resuspended in 200 ll HS. A sample of 20 ll of chloro-
plasts was transferred on a polylysine glass slide (Sigma–Aldrich).
2.4. Confocal microscopy and FRAP
The FRAP experiments were performed on a Leica TCS SP5 laser-
scanning confocal microscope at room temperature. The 488 nm
line of the argon laser was used in combination with a 63  oil
immersion objective (NA 1.4). A circular area of 1 lm diametertobacco protoplasts. (A) Tobacco leaf protoplasts were transfected with a plasmid
were analysed by confocal microscopy with excitation at 488 nm and emission
ted at >650 nm to detect thylakoid autoﬂuorescence due to LHCII (centre panels).
d with the Hcf106-GFP construct as in (A), and intact chloroplasts were isolated and
panel shows GFP ﬂuorescence, autoﬂuorescence (magenta) the merged image. Scale
isolated from a preparation of transfected protoplasts. The transfected chloroplasts
e to expression of Hcf106-GFP. Scale bar: 10 lm.
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autoﬂuorescence within that area was followed with a fast post-
bleach imaging and further slower post-bleach imaging (one image
per 1.3 s and 10 s, respectively; Fig. 2A; one image per 0.66 s, 2 s
and 5 s, respectively, Fig. 3A and B). Fluorescence intensities were
corrected for imaging photobleaching. For the additional experi-
ments, a circular area of 0.4 lm diameter (Figs. 2B and 4B) was
repeatedly bleached and the recovery of the green ﬂuorescence
within that area was followed with very fast post-bleach imaging
(one image per 0.75 s).
3. Results
3.1. Diffusion of Hcf106-GFP is highly constrained within the thylakoid
membrane
Hcf106 is a single membrane span protein with the larger, C-
terminal domain on the stromal face of the membrane. The
E. coli homolog, TatB, has been visualised in intact bacterial cells
after tagging with green ﬂuorescent protein (GFP) at the C-termi-
nus, and shown to be highly mobile within the plasma membraneFig. 2. Diffusion of Hcf106-GFP within the thylakoid network is highly constrained (A
chloroplasts were isolated and analysed by confocal microscopy. The panel shows an in
diameter. Images are shown prior to photobleaching (pre-bleach), immediately after blea
Protoplasts were transfected with Hcf106-GFP and chloroplasts were isolated. A region o
images were analysed before the bleaching (‘pre-bleach’), immediately after the ﬁnal ph
bar: 2 lm.[9]. TatB-GFP incorporates into TatABC complexes and we expect
the majority of the Hcf106-GFP to assemble with cpTatC. However,
by over-expressing the Hcf106-GFP relative to the indigenous
cpTatC, the protein stoichiometry may be disturbed and a protein
pool not involved in complex formation may therefore exist. Thus,
we might expect to measure a component with high diffusion coef-
ﬁcient. According to Saffman–Delbruck theory, the diffusion of
transmembrane protein is proportional to the natural logarithm
of the reciprocal of the protein radius [12]. Therefore, even large
Hcf106–cpTatC complexes of 700 kDa [8] should be highly mobile
in a typically ﬂuid bilayer, assuming a globular conﬁguration.
In order to study Hcf106 within intact chloroplasts, we trans-
fected tobacco protoplasts with a construct encoding Arabidopsis
Hcf106 linked to GFP. The protoplast transfection system has
been widely used to study the targeting of proteins into chloro-
plasts, and GFP-tagged proteins can be readily visualised using la-
ser-scanning confocal microscopy (e.g. [10]). Fig. 1A shows a
typical transfected protoplast 18 h after transfection. The magenta
panel shows autoﬂuorescence from thylakoid pigments, which
serves as a chloroplast marker, and the green channel shows
the presence of GFP ﬂuorescence within the chloroplasts. This) protoplasts were transfected with the Hcf106-GFP construct as in 1A, and intact
dividual chloroplast before and after photobleaching of a circular area of 1 lm in
ching (0 s post-bleach) and 46 s after the bleaching (lower row). Scale bar: 2 lm. (B)
f 0.4 lm diameter was repeatedly photobleached with consecutive laser ﬂashes and
otobleach (0 s post-bleach), 0.75 s after the ﬁnal bleach and 14 s post-bleach. Scale
Fig. 3. Quantiﬁcation of recovery rates for Hcf106-GFP and autoﬂuorescence after photobleaching. Chloroplasts were isolated from protoplasts expressing Hcf106-GFP as in
Fig. 2A and thylakoid regions were photobleached in the same manner. The graphs show the recovery data for four individual experiments. (A) Individual Hcf106-GFP
ﬂuorescence recovery curves after photobleaching of 1 lm diameter region. (B) Recovery data for autoﬂuorescence from the same experiments. (C) and (D) show the averaged
data for Hcf106-GFP and autoﬂuorescence, respectively.
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chloroplasts.
Chloroplasts were isolated from transfected protoplasts, and a
single chloroplast is shown at higher magniﬁcation in Fig. 1B. Both
the GFP ﬂuorescence and autoﬂuorescence are widely distributed
throughout the chloroplast and the merged image conﬁrms that
the ﬂuorescence patterns overlap in general terms, which means
that Hcf106-GFP is present in the thylakoid system and not the sol-
uble stromal phase, as expected. Hcf106 is known to be located in
the stromal lamellae, and close analysis of Fig. 1B shows that the
Hcf106-GFP construct is likewise located primarily, if not exclu-
sively, within these membranes. Most of the autoﬂuorescence in
the thylakoid network originates from the light-harvesting com-
plexes of PSII (LHCII), which are primarily located in the granal
lamellae [1]. Accordingly, the images in Fig. 1B, taken using line
averaging for higher resolution, show the autoﬂuorescence (ma-
genta) to exhibit a punctate pattern, reﬂecting their presence in
the grana. In contrast, Hcf106-GFP ﬂuorescence originates primar-
ily from regions where the magenta spots are absent. The merged
image conﬁrms that the GFP and autoﬂuorescence signals do not
overlap, clearly indicating that the Hcf106-GFP is present in the
stromal lamellae.As a further control in this experiment, we conﬁrmed that the
green ﬂuorescence shown in transfected chloroplasts does indeed
originate from Hcf106-GFP. Low-level green ﬂuorescence can often
be observed with non-transfected chloroplasts, and this is associ-
ated with multi-photon excitation artifacts [13]. Fig. 1C shows a
mixed population of transfected and non-transfected chloroplasts,
and it is clear that the transfected population exhibit a far higher
level of green ﬂuorescence than do the non-transfected examples.
We investigated the lateral mobility of membrane protein
Hcf106 by means of ﬂuorescence recovery after photobleaching
(FRAP). In this technique, a region of GFP ﬂuorescence is irrevers-
ibly bleached using the confocal laser and the recovery of ﬂuores-
cence in the region, signifying diffusion of neighbouring molecules,
is monitored. In order to avoid excessive photobleaching of GFP
and increase imaging speed we cannot use line averaging, there-
fore granal and stromal lamellae are not well-resolved in confocal
images associated with FRAP experiments. In the selected region
(1 lm diameter), the GFP ﬂuorescence intensity was bleached to
about 30% of the initial value and images of the chloroplasts were
taken immediately after the bleach and after additional times up to
46 s. The post-bleach images of Fig. 2A show that the region is
effectively bleached (see 0 s post-bleach image taken immediately
Fig. 4. GFP is highly mobile within the stroma. A construct encoding the transit peptide of Rubisco small subunit fused to GFP (TP-GFP) was used to transfect protoplasts, as
carried out with the Hcf106-GFP construct. Panel A shows a confocal image of a single protoplast with the GFP ﬂuorescence, autoﬂuorescence and merged images indicated.
Scale bar: 3 lm. Panel B shows a photobleaching experiment carried out on a single chloroplast after isolation, using the multiple-bleach protocol used in Fig. 2B. The ﬁgure
shows a pre-bleach image, an image taken immediately after ﬁnal bleach (bleach spot of 0.4 lm diameter indicated with an arrow), and a further image taken 0.75 s after the
ﬁnal bleach. Scale bar: 2 lm.
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over the subsequent 46 s recovery period. Data recorded for a fur-
ther 2 min conﬁrm that ﬂuorescence within bleached regions fail
to recover over extended periods of time (data not shown). This re-
sult indicates that the diffusion of this protein within this region is
highly constrained. It is also notable that the thylakoid autoﬂuores-
cence fails to recover substantially (see below).
Additional experiments were carried out using a smaller bleach
region (circle of 0.4 lm diameter) with more intensive bleaching.
Here, the region of interest was subjected to repeated short
bleaches and the data in Fig. 2B show images taken before the
bleaching process (pre-bleach), immediately after the ﬁnal photo-
bleach (0 s post-bleach), 0.75 s after the ﬁnal bleach and after a fur-
ther 14 s recovery period. The data show that the region remains
clearly bleached even 14 s after the bleaching process, conﬁrming
that the diffusion of Hcf106-GFP is highly constrained over this
time scale.
The GFP ﬂuorescence recovery proﬁles from four separate FRAP
experiments are shown in Fig. 3A. In these experiments, the photo-
bleaching reduced Hcf106-GFP ﬂuorescence to between 38% and
57% of the original level in the affected circular region of 1 lm
diameter, and the recovery curves for Hcf106-GFP (A) conﬁrm that
the bleached regions recover very little ﬂuorescence over a 70 s
post-bleach period. The average recovery amounts to 6% of their
original GFP ﬂuorescence (Fig. 3C).
3.2. Thylakoid pigment autoﬂuorescence exhibits a slow diffusion rate,
but stromal GFP diffuses rapidly
The above data clearly show that the Hcf106-GFP ﬂuorescence
fails to recover substantially in the bleached regions of the thylak-
oids, but it is clear that the same applies to the chlorophyll ﬂuores-
cence (shown in magenta). In Fig. 2A, the autoﬂuorescence in the
region of interest remained bleached over extended time scales
and this again indicates that these protein–pigment complexes
are highly constrained and unable to diffuse into this area with
the kinetics normally associated with biological membranes. Thisautoﬂuorescence stems primarily from LHCII [1], the bulk of which
is located in the granal membranes (whereas Hcf106 is located in
the stromal lamellae). The autoﬂuorescence recovery data were
also plotted for the experiments described in Fig. 3A, and the re-
sults again show a slow rate of recovery (average of 10% over the
four experiments; Fig. 3B and D). These data conﬁrm that the auto-
ﬂuorescence recovers to only a minor extent in the regions of inter-
est, although it is notable that the recovery of the autoﬂuorescence
is slightly more pronounced than that of Hcf106-GFP.
Given that both Hcf106-GFP and the thylakoid autoﬂuores-
cence exhibit such low levels of diffusion over these areas, at least
at the level of resolution available with this approach (see below),
we considered it important to conﬁrm that GFP is in fact mobile in
compartments that are known to favour rapid diffusion. We
therefore targeted GFP into the stromal compartment by fusion
to the ﬁrst, stroma-targeting domain of transit peptide of a lume-
nal protein (the 23 kDa component of the oxygen-evolving com-
plex), reasoning that the GFP should diffuse much more freely
in the stroma and thus serve as a control to validate the FRAP con-
ditions used in this study. Tobacco protoplasts were transfected
with this transit peptide-GFP construct (TP-GFP) and allowed to
express the protein overnight under the conditions used for
Hcf106-GFP. Fig. 4A conﬁrms that this fusion protein is targeted
to the stroma. The image shows a group of chloroplasts within a
transfected protoplast, and it is clear that the GFP is mainly con-
centrated in one region of the chloroplast. In this region, there is
little overlap with the thylakoid autoﬂuorescence present
throughout the rest of the organelle. GFP is thus targeted primar-
ily into the stroma as expected.
Chloroplasts were then isolated from transfected protoplasts
and FRAP experiments were carried out exactly as described above
for the HCF106-GFP construct. Fig. 4B shows images taken imme-
diately before and after a photobleaching series, carried out exactly
as in Fig. 2B for Hcf106-GFP studies. The bleach region is shown ar-
rowed. Immediately after the ﬁnal bleach, a very faint bleaching is
apparent, but this has fully recovered by the 0.75 s post-bleach
time point. We conclude that stromal GFP is far more mobile than
E. Vladimirou et al. / FEBS Letters 583 (2009) 3690–3696 3695Hcf106-GFP, at least over the distances studied in this experimen-
tal setup.4. Discussion
Biological membranes are generally regarded as highly dynamic
entities, with both the lipid and protein constituents undergoing
rapid diffusion unless tethered. Here, we have studied the diffusion
of a thylakoid membrane protein in non-appressed membranes.
This is the ﬁrst such study of a non-photosynthetic thylakoid mem-
brane protein, and the results show that even relatively small
photobleached regions fail to recover ﬂuorescence to any signiﬁ-
cant extent over timescales that are extended by the standards of
biological systems. In a previous study on the E. coli plasma mem-
brane [4], the diffusion coefﬁcient for TatA-GFP was estimated to
be 0.13 lm2 s1, which is similar to that calculated for a eukaryotic
plasma membrane protein [3]. This corresponds to an average time
to diffuse over 1 lm of about 7 s. In this study, we have shown that
on average, a bleached region of 1 lm diameter recovers only
about 6% of its lost ﬂuorescence over a timescale of 70 s. Hcf106-
GFP thus appears to diffuse extremely slowly throughout the thy-
lakoid network, and these data thus reveal a key feature about the
nature of the thylakoid network.
The actual structure of the thylakoid system is still a matter of
debate. Some studies propose that granal stacks are connected by
stromal lamellae that wind around the grana in a helical manner,
with each granum connected to several stromal lamellae, while
other data contradict this ‘quasi-helical’ model (discussed in
[14]). However, the key point is that the thylakoid network is
formed from one continuous membrane, which encloses a corre-
spondingly continuous lumenal phase. In this context, our data
provide clear evidence that this membrane system is highly com-
partmentalised such that diffusion of membrane proteins is con-
strained to a marked degree.
It is highly unlikely that the data reﬂect tethering of Hcf106-GFP
by stromal or lumenal cytoskeleton-type elements. First, no such
elements have been characterised as being associated with the thy-
lakoid membrane, and secondly, there are no indications that this
protein transport system should be tethered in any way. Indeed,
studies on the E. coli plasma membrane have shown the homolo-
gous TatB protein to be highly mobile [9].
Other data have clearly shown that thylakoid membrane pro-
teins must be mobile to some extent. First, there is ample evidence
that a portion of the LHCII complex is mobile and able to move
from PSII to PSI during so-called state transitions, in which the sys-
tem attempts to achieve equal excitation of PSI and PSII [1]. Redis-
tribution of excitation occurs over periods in the region of 30 min,
although this could still imply a relatively slow rate of diffusion
within the bilayer. Moreover, the PSII repair cycle is believed to in-
volve a large-scale disassembly–reassembly process following
damage to D1 protein, and much of this is believed to occur in
the stromal lamellae [1].
One possible explanation is that thylakoid membrane proteins
are simply immobile within the stromal lamellae, but this seems
unlikely. An alternative explanation is that Hcf106 is in fact highly
mobile, but only within distinct domains that are effectively con-
strained by boundaries. In this scenario, the stromal lamellae could
be viewed as individual ‘islands’ of membrane that are separated
by grana, through which diffusion to other stromal lamellae is
blocked. Granal stacks are between 0.3 lm and 0.6 lm in diameter,
which means that they, and the connecting stromal lamellae,
would be in the same general size range as the smallest bleach re-
gions used in this study (0.4 lm). The photobleaching data would
thus be consistent with a mosaic model, in which individual re-
gions of stromal membrane are largely isolated from each other.Equally, the same arrangement could explain the limited diffusion
of LHCII in the granal membranes; our data show that the diffusion
of this complex is similarly constrained and this ﬁnding is consis-
tent with those of Kirchhoff et al. [6] who studied LHCII diffusion in
isolated PSII particles. The mobility of LHCII in intact thylakoid
membranes was also studied using single particle tracking (SPT)
by linking LHCII with a ﬂuorescent bead [15]. It is probable that
only LHCII particles in the most superﬁcial grana margins and in
the top stroma lamellae were labelled due to steric hindrance. Both
non-phosphorylated (LHCII) and phosphorylated (P-LHCII) confor-
mations were found to exhibit average diffusion of
8.4  1011 cm2 s1 and 2.7  1010 cm2 s1, respectively, in fairly
restricted corrals with only few complexes exploring larger do-
mains of the membrane. These observations lend support to the
hypothesis that Hcf106-GFP diffuses within limited domains. There
is also evidence from other organelles that diffusion can be sensi-
tive to ‘bottlenecks’ in the membrane. For example, overexpression
of reticulons at the ER membrane induces constrictions, which cre-
ate pockets of luminal material whose diffusion is severely ham-
pered [16,17]. However, we have no clear information on the
nature of any membrane properties that may serve to prevent dif-
fusion so effectively. SPT studies on the thylakoid membrane pro-
tein Hcf106 may be able to shed further light on this.
In summary, the presence of distinct forms of thylakoid mem-
brane is well-known and the compositions of the stromal and
granal lamellae have been characterised in some detail. In this re-
port we provide direct evidence that the stromal lamellae are
effectively self-contained domains throughout the thylakoid
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